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The shikimate and aromatic amino acid biosynthesis pathways are some of the most 
studied biosynthetic pathways in nature due to their fundamental importance. Interest in 
this field stems from synthesis of the essential amino acids, tryptophan, tyrosine and 
phenylalanine. The pathways also are important as generating the precursors of thousands 
of secondary metabolites and lignin. Inhibiting the pathway has led to discovery of 
herbicides, pesticides as well as tuberculosis drugs.  However there is currently a lack of 
a comprehensive targeted method for detecting and quantifying the majority of the 
intermediates in these pathways. Often multiple extraction and detection methods are 
used in a single paper to gather the desired data, which are a strain on time and resources.  
Here we developed two more comprehensive methods. The methods consisted of a 
single extraction coupled with an acidic and a neutral acetate buffer Using TBA as an ion 
paring agent. The chromatography was in the reverse phase mode on a C8 column. In the 
neutral extracts we used OPA as a derivitization reagent, while in the acidic method the 
extracts were run directly after concentration. The compounds are further separated and 
quantified in a MS/MS with a triple-quad detector. We are able to separate and detect 15 
compounds in standards and validated the method on plant extracts from Arabidopsis 
x 
 
thaliana. The neutral method is able to differentiate between prephenate and chorismate, 










CHAPTER 1. INTRODUCTION 
1.1 Background 
The shikimate and aromatic amino acid biosynthesis pathways have been studied for 
decades. These pathways are of great interest due to their essential role in creating 
precursors for a number of important compounds and secondary metabolic pathways. The 
aromatic amino acid pathway is only found in plants, some fungi, bacteria and parasites 
and not present in animals. This pathway branches off to create a number of essential 
nutrients (e.g. vitamin B9, vitamin K1 and other folates), and thus is an important part of 
the food chain, as the only way for mammals to receive these essential nutrients is to 
consume them from another source [1]. This pathway also leads to Phe derived volatile 
compounds and benzenoids which are used in fragrances and flavorings. These pathways 
are also upstream of the phenylpropanoid pathway, which is of particular interest since it 
eventually leads to lignin in plants. The highly crosslinked nature of lignin makes it 
difficult to break down and thus impedes saccharification. This hurdle to efficient 
cellulosic biofuels processing makes lignin, indirectly leads to the aromatic amino acid 
pathway of particular interest for biofuels research.  
In regards to plant based research, herbicidal applications have been one of the largest 
areas of focus for this pathway for the past few decades, particularly the shikimate 
pathway portion. Scientists and companies want to be able to develop herbicides that will 
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kill the targeted weeds or fungi but have no negative effects on humans or the desired 
crops. Thus, targeting a pathway that does not exist in mammals is a logical choice for an 
herbicide/fungicide. Due to the ever growing human population, the corresponding need 
for food and the development of herbicide resistant crops, understanding the shikimate 
pathway as a target for herbicides is still an active field of research [2-5]. Inhibiting 
enzymes in this pathway has also been exploited in drug development in regards to 
harmful microbes and parasites such as tuberculosis, meningitides [6-8] and malaria [9, 
10]. 
In plants, there is also subcellular localization of these compounds, and a number of 
these, such as shikimate, phenylalanine and phenylpyruvate, are known to be present in 
multiple compartments. This adds a layer of complexity to future modeling efforts, as it 
would be necessary to determine the proper ratio of each component in each 
compartment. 
 
















1.2 Metabolite Measurement 
The most common methods for measuring metabolite concentrations in plants rely on 
High Performance Liquid Chromatography (HPLC), Liquid Chromatography-Mass 
Spectrometry (LC/MS), or Gas Chromatography-Mass Spectrometry (GC/MS). HPLC is 
a method for separating species based on elution time. By choosing particular mobile 
phases and column chemistry, a complex sample can be separated by controlling the 
mobile phase gradient to affect compounds’ affinity for either the column resin or the 
mobile phase. For example, a reverse phase column uses a gradient of an aqueous solvent 
and an organic solvent to influence how the molecules interact with its non-polar 
stationary phase [11]. By starting with a low organic concentration, highly polar 
compounds will elute first, as they have a higher affinity towards the aqueous solvent 
than the column. As the concentration of the organic increases, compounds will elute in 
order of decreasing polarity, as their affinity for the mobile phase outweighs that of the 
column, with highly non-polar compounds eluting at very high concentrations of organic.  
LC/MS couples a liquid chromatography column to a mass spectrometer. The outlet 
stream is vaporized and the MS separates the ions by mass. GC/MS is similar except that 
it uses gases as its mobile phase and is generally used for more volatile compounds. In all 
cases the amount of compound can be quantified by integrating peaks and comparing to 
standard curves to determine the amount of compound. 
Developing techniques for detecting multiple intracellular metabolites at the same 
time is challenging. Plant extracts have an enormous number of compounds making 
resolution of each individual compound very difficult. Using a standard to confirm 
correct identification is extremely helpful, but many intracellular compounds are not 
4 
 
commercially available. This can be due to complicated synthesis or purification 
techniques, or compound instabilities. A number of compounds in the aromatic amino 
acid pathway are difficult to detect due to instabilities discussed in section 2.2. Also, in 
vivo some compounds (such as E4P) are in extremely low concentrations that cannot be 
distinguished from the noise of the sample [12]. As such, developing successful, 
simultaneous detection methods for multiple intermediary metabolites is a crucial part of 
developing an accurate model for a metabolic pathway and one of the current challenges 
for this pathway.  
 
Figure 1.2  The shikimate and aromatic amino acid pathways 
Notable enzymes are in gray, compound name or abbreviation is in black. Multiple 
arrows denot multiple steps between compounds. The metabolites between ANT and Trp 
are excluded due to the focus of the discussed methods being on the Phe branch. 
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1.3 Current Detection Methods 
A number of LC-MS methods have been developed for detecting some of the 
compounds in the pathway, but there is no current method that can simultaneously detect 
all of the compounds of interest. Due to the vast amount of research on the shikimate 
pathway in regards to glyphosate, there are numerous methods designed to monitor the 
three amino acids and shikimate, the scope of this paper encompasses the whole pathway, 
those methods are not mentioned in Table 1.1 Selected List of Existing Methods. 
Methods only detecting one or two of the compounds of interest such as chorismate [13] 
are also excluded from the table. The compounds in the shikimate and aromatic amino 
acid pathways detected by the existing more comprehensive methods are shown in the 
table below: 
Table 1.1 Selected List of Existing Methods  
Shaded cell denotes compound was detected in either a standard mixture or extract 























E4P         
PEP         
DAHP         
DHQ         
DHS         
S3P         
Shik         
CHR         
ANT         
PRE         
ARO         
PPY         
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Table 1.1 continued. 
HPP         
Phe         
Trp         
Tyr          
 
In Bajad et al. [14] they developed an LC-MS/MS method focused on water soluble 
metabolites. Of 164 compounds of interest, they were able to detect 141 in standard 
mixtures and 79 in E. coli samples. They tested various LC columns and buffers to find 
an ideal setup for the maximum number of compounds of interest. The final LC method 
used an aminopropyl column with a mobile phase containing ammonium acetate buffer 
adjusted to a basic pH and acetonitrile. The method used a 90 minutes gradient. They 
used a triple quad MS switching between periods of positive and negative ion mode. 
Noble et al. [15] focused on the beginning for the pathway to determine kinetic 
constants using purified enzymes and chemical standards. To detect the change in 
metabolites for their study they used an MS coupled with a Fast Acid column with 
isocratic flow of a formic acid buffer, with a run time of 4 minutes.  
Oldiges et al. [16] developed an LC-MS/MS method focused on the beginning of the 
pathway. They used a triple-quad mass spectrometer coupled with two beta-OH columns 
in series. The mobile phases used were an ammonium acetate buffer and a mixture of the 
buffer and Methanol in a 60 minute gradient method. They used the method to gather 
data from a glucose pulse experiment with E. coli. 
Razal, et al. [17], developed a derivitization method for detecting arogenate. This is 
one of the more unstable compounds in the pathway. They used a Pico-Tag LC column 
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attached to a UV spectrometer. They derivitized the amino acids with a PICT reagent. 
Since this paper, other groups have used derivitization methods to stabilize arogenate to 
make detection easier, such as OPA derivitization, which will be discussed in more detail 
in section 2.2.1. 
Maeda et al. [18] used five different methods to detect the metabolites in the above 
table as well as a number of volatile compounds. The organic acids were detected via 
GC/MS. The amino acids (except for Trp) were detected via a GC/MS method from 
Boatright et al. [22]. Trp and flavonoids were detected via LC/MS on a T3 column with 
formic acid/water and formic acid/ACN buffers. Shikimic Acid was detected on a C18 
column with a formic acid buffer. Arogenate detection used OPA derivitization prior to 
injection on a C18 column with a methanol ammonium acetate gradient. Prephenate was 
indirectly determined by converting it to phenylpyruvate. This paper is a prime example 
of why a more streamlined method would be useful, as significant time and resources 
could be saved, particularly when processing a large number of samples. 
Lu et al. [19] analyzed central metabolism with a focus on water soluble compounds. 
They use an LC-MS/MS with an Orbitrap mass spectrometer. Their chromatography 
method uses a C18 column with tributylamine as an ion pairing agent, which is a 
modified version of the method used in Luo et al [12]. They reduced the runtime and 
focused on a broader range of metabolites. The method was tested with extracts from 
Saccharomyces cerevisiae and a mutant strain. The data was then used to do metabolic 
flux profiling of the mutant yeast strain. This method was able to detect many of our 
compounds of interest, and they tout the advantage of the high mass specificity being 
beneficial in detection of compounds with very similar masses and fragmentations. But 
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they also note that the nature of the Orbitrap instrument, lacking multiple levels of MS, 
makes it less ideal for differentiating between exact isomers. Chorismate and prephenate, 
two compounds in the pathway of interest, are exact mass isomers and often end up 
lumped together because they chromatograph similarly [21] or discounted due to their 
instability [23].  
Tzin et al. [20], explored the effect of genetically modifying the shikimate pathway 
on the downstream products. After expressing a feedback-insensitive bacterial DAHP 
synthase in tomato fruits, they used a non-targeted UPLC/qTOF-MS. Two different 
GC/MS methods were used for various metabolites including the ones noted in the above 
table. 
Sridharan et al. [21] ran two methods to analyze compounds produced by microbes 
living in mice digestive tracts.  Using both a multiple reaction monitoring (MRM) mode 
and an information-dependent acquisition (IDA) they were able to detect a number of 
compounds in the aromatic amino acid pathway. Their LC method used a HIC Column 
with a 50 minute gradient using a basic acetate buffer and acetonitrile. For their MRM 
method, this was coupled with a triple-quad ion trap mass spectrometer in negative ion 
mode. Their IDA experiments used the same LC method but coupled with a triple-quad 
TOF mass spectrometer in both positive and negative ion mode. They noted that although 
the IDA method gave better resolution for some compounds, MRM method had up to ten 
times better sensitivity. Also, compounds detected with the IDA method, such as 





1.4 Desirable Method Characteristics 
When developing a robust chromatography method there are some standard criteria. It 
is highly suggested that the pH of your solvents be 1.5 pH units away from the pKa of 
any of the compounds of interest. This is to give greater stability in regards to pH 
fluctuations. It is also suggested that compounds be separated enough to have distinct, 
non-overlapping peaks. However when paring the LC or GC with a mass spectrometer 
the resolution can be lower and still give sufficient separation as long as the ion pairs 
with close retention times do not have the same masses and fragmentation patterns. 
The ideal characteristics of a streamlined method have a short runtime, high 
sensitivity, as well as sufficient separation. Many of the methods discussed in the 
previous section, particularly the untargeted ones, have long runtimes to compensate for 
the large number of compounds they are detecting. This can make it more difficult to run 
a large number of samples as unstable compounds may be compromised while waiting to 










CHAPTER 2.  METHOD DEVELOPMENT 
2.1 Initial Goals 
When initially beginning this project, the goal was to combine and modify existing 
methods into a single streamlined procedure that could expedite processing the high 
numbers of samples associated with gathering datasets for model development. However, 
after some preliminary work it became clear that a single LC method would not be able to 
address the ideal conditions for all of the desired compounds. 
 
2.2 Techniques for handling Chemical Instabilities 
The difficulty in finding a method that could simultaneously detect all of the desired 
compounds stems from a few key issues. Firstly, there is the thermal instability of 
Chorismate. Biologically synthesized samples of chorismate always contain some level 
of prephenate and 4-hydroxybenzoic acid, and will degrade completely to these 
byproducts over time, even when chilled [24]. When left at 30ºC at varying pH values, 
over 50% of the sample was lost in a 24 hour period [25]. Thus, all of the methods that 
report chorismate use a chilled extraction method [13, 21] or convert it to Anthranilate or 
Phenylpyruvate which are stable and easily detected [24, 25].  
A second issue is the acid labiality of Arogenate and Prephenate [26]. Prephenate and 
Arogenate convert into their downstream products Phenylpyruvate and Phe respectively. 
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In purified solutions, this property is commonly used to indirectly determine the 
concentration of Prephenate and Arogenate [25, 27]. However, in complex mixtures such 
as plant extracts, this property makes it challenging to incorporate them into a method as 
both the unstable metabolites and their downstream products are in the mixture and need 
to be kept separate. If a method involving high temperature and low pH is used without 
taking into account these instabilities, the reported values of the downstream products 
could be inflated.  
As many of the current methods do use acidic solvents, techniques such as indirect 
detection for Prephenate have been used [18]. By taking advantage of Phenylpyruvate’s 
sensitivity to strong basic conditions, it is possible to use two extraction methods and find 
the difference between the concentrations to indirectly determine the Prephenate and 
Phenylpyruvate concentrations.  
 
2.2.1 OPA Derivitization 
Along with its pH sensitivity Arogenate has also been shown to have poor retention 
and detectability on reverse phase chromatography columns, and thus the method of OPA 
derivitization was suggested [17]. The OPA derivitization only affects compounds with 





Figure 2.1 OPA Derivitization of Arogenate. OPA molecule is in orange. 
 
2.2.2 Ion Pairing Agents 
The other main issue that needs to be addressed is that the phosphorylated compounds 
(PEP, E4P, S3P), as well as some of the organic acids, have been shown to have poor 
retention on reverse phase (RP) columns due to their high polarity [12]. This problem can 
be solved by using an ion paring agent.  
Ion paring methods are used to adjust the retention times of compounds without 
having to change the column. It is a way to overcome potential equipment limitations, as 
it may be cheaper and simpler to employ an ion pairing method than to buy more 
specialized equipment. Ion pairing methods work by choosing an ionic compound that 
will pair with your metabolites and cause them to have a stronger affinity for whichever 
phase they would not normally be attracted to [28]. In this case, all desired compounds 
form negative ions when suspended in solution. Thus if they are not retained on the 
column, their affinity for the organic phase could be increased by adding a positive ion, 
such as tributylamine (TBA) into the buffer. However, TBA is not very soluble in pure  
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water, so when making the TBA buffer it is necessary to first mix the TBA with acetic 
acid. This causes it to ionize and become much more readily soluble in water as shown 
below.  
Figure 2.2 Interaction between TBA and Acetic Acid to form soluble ions 
 
The following methods use TBA as this was the ion pairing agent used in the paper 
by Oldiges et al. [16] and it requires less intensive cleaning for the equipment after 
switching to a non-ion pairing solvent compared to triethylamine. Keeping a dedicated 
column is still recommended, as it is near impossible to remove all traces of an ion 
pairing agent from the interior of the column [29]. TBA can be removed from the LC/MS 
tubing lines by rinsing the system with at least 90% methanol for a few hours.  
 
2.3 Acidic Method 
As we desire to integrate the phosphorylated compounds into the final method, initial 
method development was based on Young and Shastri [30], due to its ability to measure 
E4P and PEP. This method uses TBA as an ion pairing agent in the aqueous solvent. 
Unmodified, this method was able to detect 11 of the 17 desired compounds. However 
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peak intensities were low and the peak shapes were wide and noisy. Also the separation 
was not ideal, with many compounds eluting in over 90% organic phase along with 
significant baseline noise. Various solvent concentrations were tested ranging from 
10mM TBA to 1mM, and 15mM acetic acid to 5mM. When decreasing the ion pairing 
agent and the acetic acid, all of the same compounds were still visible. Reducing the TBA 
and the acetate showed at most a 1 min change in retention times, but an increase in peak 
intensities between 1-9 fold for the compounds. In all cases the aqueous solvent pH was 
between 4.5 and 5. It was decided to move forward with the lowest concentrations (1mM 
TBA and 5mM Acetic acid) since that combination gave the best signal intensities. As a 
proof of concept, runs with no TBA were performed. These were adjusted to a pH of 5 
with Ammonium Acetate. Without the ion paring agent the organic acids all came out in 
the void volume, which is undesirable as it can lead to ion suppression in samples. A 










The dual peak seen at the retention time for DHQ is caused by the partial 
decomposition of DHQ into DHS as it goes through the electrospray before entering the 
MS. This phenomenon has been seen by Sridharan et al. [21] for a few of their more 
temperature sensitive compounds. Since the method looks for all ion pairs at all times, 
and the daughter fragment of DHQ is DHS, it made sense that a dual peak could be seen 
there. 
E4P could be seen when run individually, but not when run in the standard mixture. 
This may be due to suppression form surrounding compounds and background noise. A 
chromatogram of E4P is shown in Appendix Figure C.1 Acidic method, E4P individual 
standard.  
 
2.4 Neutral Method 
The acidic was able to detect many of the compounds of interest but a few key 
compounds were missing. Chorismate, Prephenate and Arogenate, were all unable to be 
detected by the acidic method. The current methods existing for detection of Arogenate 
[17] and one paper reporting Chorismate [13] both had neutral aqueous solvents as 
mobile phase. Thus it was logical to test a neutral version of the ion pairing solvent to 
determine if we could see all of our desired compounds. 
In the neutral method, it was possible to see all of the desired compounds, but the 
retention time of many of the organic acids was near the void volume and the peak 
intensities were at least an order of magnitude lower. To increase retention of the acids, 
the TBA concentration would need to be increased beyond 2.5 mM, which would have 
been undesirable as such an increase has been shown to decrease sensitivity in literature 
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[31] and results from section 2.3. By using the OPA derivitization method [17] the 
derivatized amino acids were able to be brought up to detection levels equivalent to that 





Figure 2.4  OPA Derivitized Peaks of Arogenate and the Aromatic Amino Acids.  




Chorismate and prephenate are mass isomers and share very similar fragmentation 
patterns. Also their instability causes some decomposition, and thus multiple peaks are 
observed at the same retention times. This is caused by thermal degradation as they are 
entering the MS, a similar phenomenon is seen with DHQ in the acidic method. For each 
compound, a peak for the mass pairs corresponding to chorismate, prephenate and 
phenylpyruvate can be seen at each retention time. However, since their retention times 
differ, they are able to be differentiated in this method. Also, Chorismate gives a strong 
UV response at 275nm, while Prephenate does not. With this neutral pH method, 
deconvolution of these two compounds is possible. This is a key benefit of our neutral 
method, as the instability and isomeric nature of chorismate and prephenate have made 
them extremely difficult to directly quantify in the past.   
Purified samples of these two compounds (courtesy of Prof. Dudareva) were obtained. 
Figure 2.5 below shows these samples after being analyzed with the neutral method. 
Synthesized chorismate always has some level of prephenate as an impurity [24]. Thus, 
the red line corresponding to the phenylpyruvate concentration in the chorismate sample, 
shows two peaks, on the third panel, one for the prephenate impurity and one for the 
actual chorismate in the sample. Only a single phenlypyruvate peak is seen for the 






Figure 2.5 Chorismate and Prephenate, purified samples of unknown concentrations.  
CHR is shown in red, with a retention time of 9.2 minutes, while PRE is shown in blue with a retention time of 9.8 
minutes. The top panel shows the UV spec at 275nm., The second panel shows the MS response for the PRE ion 
pair. The third panel  shows the MS response for PPY, as the partial decomposition of PRE shows a PPY peak at 
the same retention time. The two peaks in the line corresponding to the CHR sample come from the PRE impurity. 
The last panel shows the MS response for CHR. Since CHR and PRE share similar fragments, the PRE sample also 










CHAPTER 3. LC/MS/MS METHODS 
3.1 Equipment and Chemicals 
All chemicals used for standard solutions were purchased at the highest purity 
commercially available at the time. Initial chorismate and prephenate standards were 
purchased from Sigma, but later ones were synthesized by the Dudareva research group 
in the Department of Biochemistry, Purdue University. Arogenate was synthesized with 
help from the Dudareva laboratory via a method found in Rippert and Matringe [32]. 
Approximate Arogenate concentrations in the purified samples were estimated by acid 
conversion to Phe. 
The analytical equipment used is a Shimatzu LC-10 system coupled to an ABSciex 
5500 triple quad mass spectrometer run in negative ion mode. The LC column is a 
Agilent Eclipse XDB-C8 column with a particle size of 5µm with column dimensions of 
4.6x150mm.  
Individual stock solutions were made for each of the metabolites detected in standard 
mixes. All compounds except for tyrosine were dissolved at 0.5mg/mL in 70% HPLC 
grade methanol in ultrapure water. Tyrosine was dissolved at 0.25mg/mL in 50% HPLC 
grade methanol and ultrapure water due to its low solubility. Arogenate, Prephenate and 
Chorismate were used from purified samples from the Dudareva laboratory. All samples 
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were further diluted for analysis on the LC/MS, and standard mixtures were made fresh 
for each run.  
 
3.2 Mass Spectrometer Parameters 
Independent of the LC method, the individual MS tuning parameters for each 
compound needed to be determined. There are four parameters, declustering potential, 
collision energy, entrance potential, cell exit potential, which affect how the compound 
fragments once it enters the MS. These values were optimized for the most abundant 
daughter ion, Internal MS tuning parameters can be found in Appendix Table B.1 Internal 
MS Tuning Parameters 
Table 3.1 Parent ions and daughter ions, as well as masses and major fragments 
lost in negative ion mode 
  PI DI
Mass 
Loss Fragment Lost 
E4P 199 97 102 [PO4] 
PEP 167 79 88 [PO3] 
DHQ 189 171 18 [H2O] 
DHS 171 127 44 [CO2] 
Shik 173 93 80 [CO2]+2[H2O] 
CHR 225 163 62 [CO2]+[H2O] 
ANT 136 92 44 [CO2] 
Trp 203 116 87 [CH2CHNH2CO2] 
PRE 225 181 44 [CO2] 
HPP 179 107 72 [COCO2] 
PPY 163 91 72 [COCO2] 
Tyr 180 163 17 [NH3] 
23 
 
Table 3.1 continued. 
Phe 164 147 17 [NH3] 
S3P 253 97 156 [PO4]+[CO2]+[OH] 
OPA-ARO 402 384 18 [H2O] 
OPA-Phe 340 192 148 [OPA]+[NH3] 
OPA-Tyr 356 312 44 [CO2] 
OPA-Trp 379 335 44 [CO2] 
 
Once the internal MS parameters have been determined, it is then necessary to 
optimize the electrospray (ESI) which affects how the compounds enter the MS. These 
values can change depending on the solvents and flow rate, and must be global optimum, 
rather that individually tuned. These values are curtain gas temperature, ion spray voltage, 
CAD, GS1, GS2, and Spray Temperature. ESI parameters for both methods can be found 
in Appendix Table B.2. 
 
3.3 Finalized LC-MS Method 
The finalized methods both use a reverse phase C8 column with pure methanol as 
solvent B. The flow rate in both cases is 1 mL/min, and the column temperature is 30ºC. 
Both aqueous solvents are filtered using Millipore 0.2 µm vacuum filters.  
It is necessary to have a higher molar concentration of acetic acid in the aqueous 
solvent for the TBA to properly dissolve. This phenomenon is further discussed in the ion 
paring section 2.2.2. 
The acidic method uses 1mM TBA with 5mM Acetic acid and should give a pH 
around 4.6. The gradient is as follows: 2%B for 0-2 min then ramping up to 8% at 5 min, 
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20% at 11, 60% at 14, hold at 90% from 20-23 min then back to 2% at 24 min for a total 
runtime of 27 minutes. 
The neutral method uses 2mM TBA with 4mM acetic acid and 13mM ammonium 
acetate, for a total acetate ion concentration of around 15mM. The pH is then adjusted to 
7 using ammonium hydroxide. The pH before adding the ammonium hydroxide should 
be around 5.6. Solution recipes are in Appendix A. The gradient was as follows: 5%B 
from 0-1min, then ramping to 30% at 10 min, 80% at 15 and 95% by 16 min. Holding at 
95% until 19minutes then dropping back to 5% at 20 min for a total run time of 25 
minutes.  
Table 3.2 Retention Times of Standards for Both Methods 
Compound pH 5 pH 7 
E4P 15.6   
PEP 14.6   
DHQ 5.9   
DHS 7.4   
Shik 3.5   
ANT 13.9   
PRE  9.8 
CHR  9.3 
S3P 14   
HPP 14.1   
PPY 16.2   
Trp 6.1   
Tyr 2   
Phe 3.9   
OPA-Trp  16 
OPA-Tyr  15.5 
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Table 3.2 continued. 
OPA-Phe  16.5 
OPA-ARO  16.3 
 
3.4 Detection Limits 
After developing these two methods, detection limits were determined for all 
compounds in both methods. Below is a table of the limits of detection in nM for all of 
the compounds. For the neutral method, the amino acids and Arogenate are the OPA 
derivatized compounds. The sample we received of chorismate was of unknown 
concentration, so accurate LOD’s were unable to be determined. 
The limit of detection was determined by running samples ranging from 0.5 mM to 
0.5 µM. Samples were run in grouped without interfering retention times to ensure that 
the ion suppression was not a factor. The lowest visually detectable peaks were analyzed 
for signal to noise ratio. The S/N ratio was used to determine the LOD [33].  
Table 3.3 Detection limits in nM for both methods developed compared to those reported 












E4P 450     315 270 
PEP 26   5 11 79 
DHQ       88 61 
DHS       73 12 
S3P       2 109 
Shik 57     6 29 
CHR           
ANT 182   1 29 164 
PRE         233 
ARG         15 
26 
 
Table 3.3 continued. 
PPY 3   3 8 32 
HPP 56     28 111 
Phe 1 6 1 6 6 
Trp 2     5 10 
Tyr 6     6 6 
 
Although DHS and DHQ have lower detection limits in the neutral method, their 
peaks are not separated and they elute in the void volume. This causes the dual peak 
effect seen for DHQ give a false elevation of the DHS signal. Thus the recommendation 











CHAPTER 4. ANALYSIS OF PLANT EXTRACTS 
4.1 Extraction Method 
The current extraction method was modified from Farag et al. [13]. They used root 
cell cultures and reported visible concentrations of chorismate, which is arguably the 
most difficult compound to extract due to its thermal instability. Thus their method 
seemed to be a good starting point.  
Our present extraction method consists of the following steps:  
– Stem tissue flash frozen in LN2 
– Frozen tissue crushed 
– Added cold 70% methanol/water at 10µL/mg fresh weight tissue 
– Vortexed at 4°C for 2h 
– Centrifuge and extract liquid, 800-1000uL taken for concentration 
– Centrivap until dry 
– Concentrate to 20x, 40-50uL, mix for 10 minutes  to redissolve 
– 20µL used for acidic method 
– Remaining samples stored in -80°C between runs 
– 20µL for the neutral method, stored in -20°C freezer prior to derivatization, 




4.1.1 Extraction Timing 
Extracts were vortexed for 1, 3, 6, 12, and 24 hours were run and showed no 
statistical difference between detectable compounds, thus 2 hours was determined as 
sufficient.    
 
Figure 4.1 Metabolites detected in wild type Arabidopsis over various extraction times 
For each data point there were biological triplicates. Four stems were used in each 
replicate. 
 




To test the extraction procedure’s effect on a standard mixture, concentrations from 
0.01-0.0001mg/mL of a standard mixture were dried in the centrivap according to the 
procedure developed for plant extracts.  
 
Figure 4.2 Percent recovery of a standard mixture compared to a mixture dried and 
reconstituted  
 
For all but three of the mixtures at 0.0001mg/mL, once accounting for the concentration 
during drying, less than 100% of the expected concentrations were recovered. The 
maximum counts able to be read by the MS is somewhere in the range of 1e9. To get 100% 
recovery from any of the mixtures higher than 0.0001 with a 20x concentration, the 
reading would need to be well over 1e9 for many of the compounds. Running at the 
limits of the instrument may account for some of the inaccuracies, thus the higher valued 















to the detection limit of a few of the compounds and thus caused some of the compounds 
to have a higher than 100% recovery. One possibility for the poor recovery is that the 
concentration step may cause some of the compounds to go past their solubility limit, 
since the solvent is 70% methanol, and most of the compounds are much more soluble in 
water. A 20x concentration may be unnecessary. So a lower concentration and a larger 
volume may help some of the issues. Also, mixing for longer than 10 minutes during the 
resuspension could be another step to troubleshoot. This experiment should be repeated, 
taking into account the knowledge of the limits of the instrument and the limits of the 
method as well as the solubilities of the compounds 
 
4.2 Plant Extracts 
To test the method with actual plant extracts rather than just standard mixtures, basal 
stem tissue from 0-2cm was taken from wild type Arabidopsis thaliana, as well as two 
mutant lines. The first mutant was a Chorismate mutase T-DNA insertion line. This 
mutation silences CM2, the isoform in the cytosol. There are no current publications on 
how this affects metabolites, but looking at its role in the pathway it is logical to assume 
it may cause an increase in plastid localized compounds. The second mutant line was 
called AroG. This line overexpresses a feedback insensitive DAHPsynthase from E. coli. 
AroG mutants have shown a higher concentration of aromatic amino acids in ripe 
tomatoes [20]. Four stems were used in each replicate. Three replicates were run for each 
line. There were three batches of AroG run due to growth issues, but there was no 
difference between the samples so the results were averaged. 
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Figure 4.3 Notable compounds detected with acidic method 
All compounds reported in nmol/gram fresh-weight. The data are the mean +/- the 




Figure 4.4 Notable compounds detected with the neutral method 
Arogenate is reported peak area in counts on the MS due to limited standards. The other 
compounds are reported in nmol/gram Fresh-weight. The data are the mean +/- the 
standard deviation for n=3 for WT and CM, and n=9 for AroG 
 
Between the wild type (blue) the CM mutant (red) and the AroG mutants (green) it 
was difficult to draw any strong conclusions, due to the large error bars and 
inconsistencies between compounds seen in both methods. Also, the discrepancy in 
amino acid and phenylpyruvate concentrations between the acidic and neutral methods 
was unexpected. Adding an internal standard is a logical next step. Testing the effects of 
the derivatization step on the detection of the compounds should also be explored, as 
aside from the pH, that is the main difference between the two methods. Also, a spiking 
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study to determine the recovery efficiency from actual plant samples should also be done 
in the future to test the robustness of the extraction method on real tissue. 
Also, many of the compounds not shown in the above figures may be detectable in 
the future with improvements in the extraction procedure. For example, Chorismate 
showed a small peak, but it was inconsistent and very close to the noise, so the UV 
response is shown. 
 


































CHAPTER 5. FUTURE DIRECTIONS 
5.1 Conclusion 
By combining techniques such as derivatization and ion pairing, the goal of creating a 
streamlined analytical detection procedure for the aromatic amino acid and shikimate 
biosynthesis pathways is well on its way to being actualized. As currently only 8 out of 
15 compounds are able to be detected in actual plant extracts compared to standard 
mixtures, and the full amount is not being recovered from standards, there is clearly some 
troubleshooting left to be done. 
Running samples with an internal standard may help to unravel some of the extraction 
efficiency issues, and there are a few possible reasons why the compounds are not being 
detected in the extracts. The first possibility is that they are not there because the internal 
pools are being turned over too quickly. For example it is not expected to see DHS in 
plant samples since the enzyme that uptakes DHQ is bifunctional and converts from 
DHQ to DHS to Shikimate before releasing the product [1]. 
It is also possible that the compounds are there, and there is nothing wrong with the 
extraction, but they are in such low quantities that they are below the detection limits of 
the methods. In this case increasing the amount of tissue could alleviate the problem. 
A third possibility is that they are present but the extraction is insufficient and thus they 
are below the detection limits of the current methods. Extraction time has already been 
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tested, and a higher temperature would compromise the already difficult Chorismate 
detection. Other possible variables to change to improve the extraction could be changing 
the solvent, or increasing the amount of tissue. Solubility concerns due to possible over 
concentration were also mentioned in section 4.1.2. It is also possible that a single 
extraction method may not be able to extract all of the compounds of interest. 
There also seems to be reoccurring noise in the high organic sections of the gradient, 
even visible in the blank. If the cause of this phenomenon can be determined and reduced 
or eliminated it could increase the detection limits of some of the co-eluting compounds 
such as HPP and the phosphorylated chemicals. 
 
5.2 Other Potential Applications 
Even in its current stage, the developed methods have been useful. The neutral 
method has also been able to detect some benzoic acid derivatives (4-hydroxybenzoic 
acid, chlorobenzoic acid (internal standard), benzoic acid, salicylic acid) as well as some 
other phosphorylated compounds 
The neutral method shows great promise, it would be wise to explore this method 
further, as many biological compounds are fragile, and it is possible this method or some 
modification of it could be used to detect pH sensitive compounds. 
This method has already been useful in confirming impurities in the synthesized 
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Appendix A Solution Recipes 
Acidic Buffer: 1mM TBA, 5mM Acetic Acid, to make 1L 
*Mix 237µL TBA + 286 µL Glacial Acetic Acid in a dry flask, in a fume hood 
*Allow to mix until homogeneous, it will still bead up against the glass 
*Slowly add 1L of ultrapure water, mixing as you go 
*Filter with 0.2micron filter, can be stored until solution turns cloudy, generally about a 
month 
 
Neutral Buffer: 2mM TBA, 4mM Acetic Acid 13mM Ammonium Acetate, to make 1L 
*Mix 475µL TBA + 228 µL Glacial Acetic Acid in a dry flask, in a fume hood 
*Allow to mix until homogeneous, it will still bead up against the glass 
*Slowly add 1L of ultrapure water, mixing as you go 
*Add 1021.4mg Ammonium Acetate, and check pH, should be around 5.6 
*Adjust to pH 7 with Ammonium Hydroxide, generally takes around 200-400µL 
*Filter with 0.2micron filter, can be stored until solution turns cloudy, generally about 
two weeks 
 
OPA Derivitzation Reagent- to make 1mL 
*5.4mg OPA 
*100 µL Methanol 
*5 µL 2-mercaptoethanol 
*900 µL 0.4M Boric Acid, pH 10.4 (recipe below) 
*Mix until dissolved can be stored at RT for up to a day or in the fridge until it begins to 
precipitate, generally about a week. Can also be frozen, but will still precipitate after a 
month or so. 
*To use this, mix equal volume OPA reagent and sample. Mix for 3 3-5 minutes prior to 
sample injection. Keep mixing timing constant between samples for consistent results as 
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shorter times may not have complete conversion, and longer times lead to degradation of 
the OPA and precipitation of the sample. 
 
0.4 Boric Acid pH 10.4, to make 100mL 
*2.473g boric acid into 100mL ultrapure water 
*Adjust to pH 10.4 with 6M NaOH  
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Appendix B Tables 
Table B.1 Internal MS Tuning Parameters 









E4P  - ‐215 -10 -40 ‐50 
PEP  - -140 -5 -30 ‐35 
DHQ  - -165 -5 -25 ‐10 
DHS  - -160 -6 -30 -10 
Shik  - -190 -3 -30 -10 
ANT  - -180 -5 -40 -25 
Trp  - -160 -5 -20 -20 
PRE  - -60 -6 -7 -50 
HPP  - -75 -12 -20 -12 
PPY  - -170 -10 -25 -25 
Tyr  - -140 -10 -30 -10 
Phe  - -220 -5 -35 -20 
OPA‐Trp  - -60 -5 -20 -15 
OPA‐Tyr  - -80 -10 -15 -20 
OPA‐Phe  - -60 -5 -15 -20 
OPA‐ARO  - -50 -5 -10 -30 
CHR  - -35 -9 -5 -8 
S3P  - -100 -5 -35 -20 
 
Table B.2 ESI MS Tuning Parameters 










Appendix C Chromatograms 
 






Figure C.2 Acidic method, no ion pairing 
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